Background {#Sec1}
==========

Chronic kidney disease-mineral and bone disorder (CKD-MBD) is a systemic disorder that manifests with laboratory and bone abnormalities, and vascular or soft tissue calcification and is associated with an increased risk of fracture, cardiovascular disease, and mortality \[[@CR1]\]. In dialysis patients, cardiovascular mortality is 10 to 20 times higher \[[@CR2]\], and the relative risk of hip fracture is about four times higher than in the general population \[[@CR3]\]. The prevalence of vertebral fracture is more than 50% in hemodialysis patients \[[@CR4]\]*.* As a result, frailty and other clinical outcomes are common in chronic kidney disease (CKD) patients.

While the 2017 Kidney Disease Improving Global Outcomes (KDIGO) guidelines advocate bone mineral density (BMD) testing to assess fracture risk in CKD-MBD patients \[[@CR5]\], BMD is less predictive of fracture in dialysis patients than in the general population \[[@CR6], [@CR7]\]. A reason for this is the overestimation of BMD in CKD patients due to arthritic conditions, scoliosis of the lumbar spine, and the presence of vascular or joint calcifications, which are all common in advanced CKD \[[@CR8]\]. In addition, BMD only measures bone quantity, providing no information on trabecular microarchitecture or components of bone quality, which are also important for bone strength in CKD patients \[[@CR1]\]. Bone biopsy and imaging methods, such as high-resolution peripheral quantitative computed tomography (HR-pQCT) and micro-magnetic resonance imaging (MRI), can measure bone microarchitecture and, thus, indicate fracture risk; however, their high cost, invasiveness, and low availability limit their routine clinical application.

Trabecular bone score (TBS) is a recently developed diagnostic tool for assessing the image texture obtained from standard lumbar spine dual-energy x-ray absorptiometry (DXA) and provides information on bone microarchitecture independent of BMD \[[@CR9]\]. Higher TBS values represent more homogenous, strong, and fracture-resistant bone. TBS can simply be derived from the available DXA images and requires no additional scanning time or radiation exposure. Moreover, TBS is inexpensive, non-invasive, and readily clinically available compared to non-DXA imaging or bone biopsy \[[@CR10], [@CR11]\]. Previous studies have demonstrated that TBS correlates with both cortical and trabecular 3-dimensional microarchitecture parameters, such as trabecular volume, number, thickness, spacing, connectivity, and stiffness measured by HR-pQCT or micro-CT \[[@CR12]--[@CR15]\].

To date, only a few studies have assessed TBS in end stage renal disease (ESRD) patients \[[@CR16]--[@CR20]\]. The studies have shown that TBS was significantly reduced in ESRD populations \[[@CR17], [@CR19], [@CR20]\], and lower TBS is associated with increased prevalent or incident fracture in CKD patients \[[@CR11], [@CR18]\]. However, no studies have assessed the connections between TBS and adverse clinical outcomes related to CKD-MBD in hemodialysis patients, except those studying fracture events.

In this study, we investigated whether TBS is associated with the comorbidities related to CKD-MBD or frailty in hemodialysis patients.

Methods {#Sec2}
=======

Study design and population {#Sec3}
---------------------------

We performed a single-center, prospective, observational study with data from prevalent hemodialysis patients aged over 19 years. Data were collected between May and June, 2016. Exclusion criteria were a history of liver cirrhosis, the presence of a pacemaker, receiving current chemotherapy due to malignancy, pregnancy, and uncooperative behavior due to a psychiatric disorder. After enrollment, we reviewed the medical records for demographic and clinical data, checked laboratory data, and measured frailty index and TBS. We then followed up patients for the occurrence of CKD-MBD-related complications, such as all-cause mortality, incident fracture, and new-onset cardiovascular events (CVE). CVE was defined as a composite of coronary artery disease (CAD), stroke, and peripheral arterial occlusive disease (PAOD).

The study protocol was reviewed and approved by the ethics committee of the Ajou University Hospital (IRB No: AJIRB-MED-SUR-16-128). The study was conducted in accordance with the declaration of Helsinki, and all participants provided their written informed consent.

Data collection {#Sec4}
---------------

### Medical records {#Sec5}

We collected demographics and clinical data, such as patient's age, gender, dialysis vintage, body mass index (BMI), and past medical history, including diabetes mellitus (DM), hypertension (HTN), and CVE, from previous medical records. We also gathered medication history, including phosphate binders, vitamin D metabolites, calcimimetics, warfarin, and proton pump inhibitors (PPI).

### Serum biochemistry and biomarkers {#Sec6}

Fasting blood samples were taken via vascular access (arteriovenous fistula, graft, or tunneled cuffed dialysis catheter), just before the hemodialysis session at the time of BMD and TBS measurement and were stored below − 20 °C until subsequent assays. We measured biochemical parameters associated with bone metabolism, including serum calcium, phosphate, intact parathyroid hormone (PTH), and total alkaline phosphatase (ALP). Intact PTH was measured with an electrochemiluminescence immunoassay (ECLIA) (Cobas, Roche Diagnostic GmbH, Mannheim, Germany). We also measured fibroblast growth factor 23 (FGF 23) and α-klotho concentrations. FGF 23 was measured using a single-plex assay with the R-PLEX Human FGF-23 Antibody set (Meso scale discovery, MD, USA) and α-klotho by an enzyme-linked immunosorbent assay (ELISA), using the human soluble α-Klotho assay kit (Immuno-Biological Laboratories, Gunma, Japan).

### Frailty and nutritional assessment {#Sec7}

For frailty assessment, we used the Tilburg frailty indicator, a standardized self-reporting questionnaire about physical, psychologic, and social aspects of individual functioning. For nutritional assessment, we used various methods. As to body composition, we performed bioelectrical impedance analysis (BIA) using a multifrequency bio-impedance device (InBody S10, InBody Co. Ltd., Seoul, Korea), according to manufacturer's instruction. As a functional test, handgrip strength was measured on the non-fistula side with a portable Jamar plus Digital Hand Dynamometer (Sammons Preston Rolyan, Bolingbrook, IL, USA). We also measured serum albumin, blood urea nitrogen (BUN), creatinine, and potassium. Nutritional assessment was completed using the Patient-Generated Subjective Global Assessment (PG-SGA), nutritional scoring system which consists of medical history and physical examination components.

### Trabecular bone score {#Sec8}

All participants had a BMD measurement using DXA (Lunar Prodigy, GE Lunar, Madison, WI, USA) at the lumbar spine (L1--L4). All measurements were performed by experienced operators using the same machine and standardized procedures. TBS was assessed using TBS iNsight software (version 2.1, Med-Imaps, Pessac, France) with a DXA image and calculated as the mean value of L1--L4. Some vertebrae that were unsuitable for study (due to compression fracture, degenerative change, or any other reasons) were excluded from TBS assessment.

Statistical analysis {#Sec9}
--------------------

All statistical analyses were performed with STATA statistical software, version 12.1 (StataCorp LP, College Station, Texas, USA). Data are expressed as the mean ± standard deviation (SD) for continuous variables and proportions for categorical variables. Continuous data were evaluated for normality before statistical testing. We used a T-test for normally distributed continuous data and a Mann-Whitney test for non-normally distributed continuous data. For categorical variables, the Chi-square test or Fisher's exact test were used. Linear regression models and multivariable regression analyses adjusted for relevant covariates were used to investigate predictors of TBS. We conducted Kaplan-Meier time-to-event analysis with a log-rank test and a cox regression test for all-cause mortality, incident fracture, and new onset CVE. A *p*-value \< 0.05 was considered statistically significant.

Results {#Sec10}
=======

Patient's baseline characteristics {#Sec11}
----------------------------------

Demographic, clinical, and laboratory characteristics of the patients, including parameters of frailty and DXA, are presented in Table [1](#Tab1){ref-type="table"}. A total of 57 patients were enrolled (49.1% male) with a mean age of 56.8 ± 15.9 years. The average dialysis vintage was 5.9 ± 4.9 years. Patient medical histories included 23 patients (40.4%) with DM, 51 (89.5%) with HTN, 18 (31.6%) with CAD, 5 (8.8%) with stroke, and 4 (7.0%) with PAOD. Eleven patients showed prevalent vertebral fracture. The mean TBS value was 1.44 ± 0.10. Table 1Patients' baseline characteristicsVariableTotal\
(*N* = 57)CVE\
(*N* = 21)No CVE\
(*N* = 36)*p*-value**Demographic characteristics** Age (years)56.8 ± 15.965.1 ± 12.452.0 ± 15.90.002 Male28 (49.1%)9 (42.8%)19 (52.8%)0.470 Dialysis vintage (years)5.9 ± 4.96.3 ± 4.25.7 ± 5.30.625 Body mass index (kg/m^2^)23.1 ± 3.623.9 ± 4.422.7 ± 3.00.230**Comorbid conditions** Diabetes mellitus23 (40.4%)11 (52.4%)12 (33.3%)0.157 Hypertension^†^51 (89.5%)19 (90.5%)32 (88.9%)1.000 Coronary artery disease18 (31.6%)18 (85.7%)-- Stroke5 (8.8%)5 (23.8%)-- Peripheral arterial disease4 (7.0%)4 (19.0%)--**Laboratory measurements** Hemoglobin (g/dl)10.3 ± 0.910.5 ± 0.910.2 ± 0.80.281 Blood urea nitrogen (mg/dl)65.6 ± 15.160.0 ± 14.668.9 ± 14.50.031 Creatinine (mg/dl)10.3 ± 3.59.5 ± 3.810.7 ± 3.30.252 Sodium (mmol/L) ^\*^137.2 ± 3.2136.7 ± 3.1137.6 ± 3.30.484 Potassium (mmol/L)5.2 ± 0.75.1 ± 0.85.2 ± 0.60.594 Albumin (g/dl) ^\*^3.8 ± 0.53.7 ± 0.43.9 ± 0.50.004 Calcium (mg/dl)9.1 ± 0.89.1 ± 0.79.1 ± 0.80.806 Phosphate (mg/dl)4.9 ± 1.54.4 ± 1.45.2 ± 1.50.049 Alkaline phosphatase (U/L)79.4 ± 72.679.1 ± 33.079.6 ± 88.40.980 Intact PTH (pg/ml) ^\*^282.6 ± 245.8237.9 ± 201.2308.8 ± 267.70.447 Triglyceride (mg/dl) ^\*^97.8 ± 65.1100.1 ± 64.496.4 ± 66.40.591 Low density lipoprotein (mg/dl)79.1 ± 28.177.6 ± 30.780.0 ± 26.80.755 α-klotho (pg/ml) ^\*^542.9 ± 627.7474.6 ± 370.0582.8 ± 740.10.381 FGF 23 (pg/ml) ^\*^7185.7 ± 10,737.04628.1 ± 8915.98677.6 ± 11,524.50.077**Frailty and nutritional assessment** Tilburg frailty indicator^\*^3.8 ± 2.64.7 ± 3.33.2 ± 2.00.121 Handgrip strength (kg.f) ^\*^21.7 ± 12.018.0 ± 11.923.9 ± 11.60.031 Phase angle (°)5.0 ± 1.44.5 ± 1.55.2 ± 1.20.045 PG-SGA^\*^3.9 ± 5.25.5 ± 7.12.9 ± 3.40.095**Dual-energy x-ray absorptiometry parameters and TBS** L-spine BMD (g/cm^2^) ^\*^1.019 ± 0.2210.943 ± 0.2551.062 ± 0.1880.017 T-score (L1--L4) ^\*^−1.2 ± 1.8−1.8 ± 2.1− 0.8 ± 1.60.021 Trabecular bone score1.44 ± 0.101.38 ± 0.081.48 ± 0.10\<  0.001**Medication use** Phosphate binder^†^52 (91.2%)17 (81.0%)35 (97.2%)0.056 Vitamin D analogue37 (64.9%)11 (52.4%)26 (72.2%)0.130 Cinacalcet^†^4 (7.0%)0 (0.0%)4 (11.1%)0.285 Proton pump inhibitor^†^11 (19.3%)7 (33.3%)4 (11.1%)0.078 Warfarin^†^1 (1.8%)1 (4.8%)0 (0.0%)0.368A t-test was used for continuous variables and the χ^2^ test was used for categorical variables except ^\*^ and ^†^*Abbreviations*: *CVE* Cardiovascular events, *PTH* Parathyroid hormone, *FGF 23* Fibroblast growth factor 23, *PG-SGA* Patient-generated subjective global assessment, *BMD* Bone mineral density^\*^*p*-value by Mann--Whitney *U* test^†^*p*-value by Fisher's exact test

After the study population was divided into two groups according to their past history of CVE, CVE was prevalent in 21 patients (36.8%). The age of the CVE group was significantly higher than the no CVE group (65.1 ± 12.4 vs. 52.0 ± 15.9, *p* = 0.002). TBS was significantly reduced in CVE group (1.38 ± 0.08 vs. 1.48 ± 0.10, *p* \<  0.001).

Comparison of TBS according to comorbid conditions, age, and frailty index {#Sec12}
--------------------------------------------------------------------------

When divided according to each comorbid condition, unlike CVE, TBS did not show any significant differences between patients with or without DM or HTN. Patients above the median age showed significantly lower TBS (*p* \<  0.001). Also, patients below the median handgrip strength (*p* = 0.007) and phase angle (*p* = 0.009) values showed significantly lower TBS compared to those above (Fig. [1](#Fig1){ref-type="fig"}). Fig. 1Comparison of Trabecular bone score (TBS) according to comorbid conditions, age, and frailty index. **a** Hypertension (HTN), **b** Diabetes mellitus (DM), **c** Cardiovascular events (CVE), **d** Age, **e** Handgrip strength, and **f** Phase angle

Factors associated with TBS in hemodialysis patients {#Sec13}
----------------------------------------------------

To identify the factors associated with TBS, we performed linear regression analysis (Table [2](#Tab2){ref-type="table"}). In univariate analysis, TBS significantly and inversely correlated with age (ß = − 0.042, *p* \<  0.001), and positively correlated with creatinine (ß = 0.009, *p* = 0.019) and intact PTH (ß = 0.011, *p* = 0.039). As in previous description, TBS was inversely associated with history of CVE (ß = − 0.010, *p* \< 0.001). A significant association was also found between TBS and the parameters related to frailty. Hand grip strength (*r* = 0.039, *p* \< 0.001) and phase angle (*r* = 0.030, *p* = 0.002) positively correlated, and PG-SGA (*r* = − 0.006, *p* = 0.029) inversely correlated with TBS. BMD was strongly associated with TBS with a regression coefficient of 0.185 (*p* = 0.002). FGF 23 and α-klotho did not show any significant association with TBS. Table 2Univariable and multivariable regression analysis of factors associated with trabecular bone score in hemodialysis patientsVariable (*N* = 57)UnivariableMultivariableß95% CI*p*-valueß95% CI*p*-value^†^Age, per 10 years−0.042−0.055 -- −0.028\< 0.001− 0.030− 0.049 -- − 0.0120.001Female vs. Male− 0.051− 0.105 -- 0.0020.059− 0.012−0.084 -- 0.0610.747Dialysis vintage (years)−0.002−0.008 -- 0.0030.4260.001−0.004 -- 0.0060.702BMI, per 5 kg/m^2^−0.024−0.058 -- 0.0100.162DM vs. Non-DM−0.008−0.064 -- 0.0480.7680.034−0.017 -- 0.0860.186CVE vs. No-CVE−0.010−0.150 -- − 0.050\< 0.001−0.055− 0.103 -- − 0.0080.024Hemoglobin (g/dl)0.016−0.017 -- 0.0480.333BUN, per 10 mg/dl0.016−0.001 -- 0.0340.071Creatinine (mg/dl)0.0090.002--0.0170.019Albumin (g/dl)0.043−0.016 -- 0.1030.1460.001−0.051 -- 0.0540.957LDL, per 50 mg/dl0.024−0.021 -- 0.0680.294Calcium (mg/dl)−0.031−0.067 -- 0.0060.096Phosphate (mg/dl)0.017−0.001 -- 0.0340.061ALP, per 25 U/L0.007−0.003 -- 0.0160.152iPTH, per 100 pg/ml0.0110.001--0.0220.0390.005−0.005 -- 0.0150.321ln α-klotho (pg/ml)0.007−0.047 -- 0.0620.793ln FGF 23 (pg/ml)0.008−0.009 -- 0.0250.334−0.004−0.020 -- 0.0120.594Tilburg frailty indicator−0.003−0.013 -- 0.0080.626Handgrip strength, per 10 kg.f0.0390.019--0.059\< 0.0010.020−0.012 -- 0.0510.213Phase angle (°)0.0300.011--0.0480.002PG-SGA−0.006− 0.011 -- 0.0010.029Phosphate binder dose^a^0.012−0.003 -- 0.0290.114−0.001−0.016 -- 0.0150.919L-spine BMD (g/cm^2^)0.1850.069--0.3010.002*Abbreviations*: ß, Regression coefficient of univariable or multivariable linear regression, *CI* Confidence interval, BMI, Body mass index, *DM* Diabetes mellitus, *CVE* Cardiovascular events, *BUN* Blood urea nitrogen, *LDL* Low density lipoprotein, *ALP* Alkaline phosphatase, *PTH* Parathyroid hormone, *FGF 23* Fibroblast growth factor 23, *PG-SGA* Patient-generated subjective global assessment, *BMD* Bone mineral density^a^Phosphate binder dose (per BSA/week), per 3500 mg^†^Adjusted *p*-value

Multivariable regression analysis was conducted adjusting for age, sex, dialysis vintage, DM, CVE, albumin, FGF 23, intact PTH, handgrip strength, and phosphate binder dose. Age (**ß** = − 0.030; *p* = 0.001) and CVE (**ß** = − 0.055; *p* = 0.024) were significant and independent predictors of TBS. There was no significant association between FGF 23 and TBS (*p* = 0.594).

TBS and clinical outcomes associated with CKD-MBD {#Sec14}
-------------------------------------------------

We followed-up individuals for an average of 20 months. During follow-up, 4 (7.0%) patients died and there were 7 (12.8%) incident fracture events and 6 (10.5%) new-onset CVE. Among 7 cases of fractures, there were 1 axial bone fracture (vertebra), and 6 appendicular bone fractures (1 hip fracture, 2 other lower extremities, and 3 upper extremities). TBS was significantly lower in the mortality group than the survival group (1.33 ± 0.04 vs. 1.45 ± 0.10; *p* = 0.016). TBS was also lower in patients who had incident fractures than those who did not (1.32 ± 0.05 vs. 1.46 ± 0.10; *p* \< 0.001).

We compared 20-month all-cause mortality, incident fracture, and new-onset CVE probability in patients with TBS values below versus above median. Individuals who had a TBS value below median had a significantly higher probability of mortality (*p* = 0.049) and incident fracture (*p* = 0.007) than those with a value above median (Fig. [2](#Fig2){ref-type="fig"}). New-onset CVE tended to be more frequent in patients with TBS values below median, although this did not achieve statistical significance (*p* = 0.108). There were no significant differences in mortality, incident fracture, and new-onset CVE between the patient group with above and below median BMD values (data not shown). Fig. 2Kaplan-Meier curve stratified by Trabecular bone score (TBS) median. **a** Mortality, **b** Incident fracture, and **c** Cardiovascular events (CVE)

Table [3](#Tab3){ref-type="table"} shows the results of Cox regression analysis to evaluate the association between TBS and adverse outcomes related to CKD-MBD in the hemodialysis patients. TBS significantly predicted incident fracture with an unadjusted hazard ratio (per 0.1 higher TBS) 0.220 (95% Confidence interval 0.085--0.566, *p* = 0.002). The incident fracture hazard ratio per 0.1 higher TBS was also significant, even after adjustment with several relevant covariates. However, TBS did not show any significance as a predictor of mortality or new onset CVE. Table 3Hazard ratios for TBS to predict adverse outcomes related to CKD-MBD in hemodialysis patientsAdjustmentMortalityIncident fractureNew onset CVEHR^a^ (95% CI)*p*-valueHR^a^ (95% CI)*p*-valueHR^a^ (95% CI)*p*-valueUnadjusted0.314 (0.098--1.004)0.0510.220 (0.085--0.566)0.0020.450 (0.188--1.075)0.072Age0.640 (0.150--2.725)0.5460.209 (0.062--0.700)0.0110.573 (0.186--1.770)0.333Model 10.630 (0.141--2.826)0.5460.165 (0.055--0.500)0.0010.647 (0.208--2.014)0.452Model 20.506 (0.116--2.198)0.3630.084 (0.014--0.519)0.0080.389 (0.107--1.418)0.153Model 30.369 (0.054--2.492)0.3060.041 (0.003--0.488)0.0120.403 (0.114--1.430)0.160Model 40.362 (0.044--2.956)0.3430.064 (0.006--0.682)0.0230.334 (0.077--1.442)0.142Model 1: adjusted for age, dialysis vintage, BMIModel 2: adjusted for model 1 plus DM, CVEModel 3: adjusted for model 2 plus PTHModel 4: adjusted for model 3 plus hand grip test*Abbreviations*: *CI* Confidence interval, *CKD-MBD* Chronic kidney disease-mineral and bone disorder, *HR* Hazard ratio, *CVE* Cardiovascular events, *TBS* Trabecular bone score^a^Hazard ratios per 0.1 higher TBS

Discussion {#Sec15}
==========

In this study, we found that old age and prevalent CVE were independently related to lower TBS. Individuals with lower TBS values had significantly higher mortality and incident fracture events. These results suggest that TBS is associated with frailty and comorbidity related to CKD-MBD. To the best of our knowledge, this is the first study to evaluate the relationships between TBS and CKD-MBD related complications, including mortality and cardiovascular disease, in hemodialysis patients.

Vascular calcification (VC), especially coronary artery calcification (CAC), is important for cardiovascular disease, which is the leading cause of death in patients with CKD. Although we did not measure vascular calcification, we demonstrated that lower TBS is associated with prevalent CVE and all-cause mortality in hemodialysis patients. VC has complex pathophysiologic mechanisms and has various traditional and non-traditional risk factors. One of the non-traditional risk factors prevalent in ESRD patient is impaired bone mineral metabolism, possibly due to so-called bone-vascular axis \[[@CR21]\], in which abnormal bone turnover and remodeling lead to increased bone resorption or a decreased capacity of bone to buffer calcium and phosphate, resulting in movement of calcium from bone to vessels. It has already been shown that bone microarchitecture, as assessed by HR-pQCT, is inversely associated with CAC \[[@CR22]\], and improvement in bone turnover alleviates CAC progression in hemodialysis patients \[[@CR23]\]. TBS was reported to be inversely related to abdominal aortic calcification in dialysis patients, although BMD did not show any relationship \[[@CR24]\].

Lower TBS is associated with an increased risk of fracture in CKD patients \[[@CR11], [@CR18]\]. Similar to prior studies, we showed that participants with a below median TBS had a significantly higher incidence of fracture events. There are several reasons for the increased risk of fracture in dialysis patients, besides renal osteodystrophy; sarcopenia, disability, malnutrition, comorbidities, polypharmacy, autonomic dysfunction, peripheral neuropathy etc. in hemodialysis patients increase their risk of falling \[[@CR25], [@CR26]\], which in turn leads to increased fracture risk and frailty. There is accumulating evidence of a link between impaired muscle status and poor bone health. Bone loss and sarcopenia share common pathways, and both are common in CKD patients. Bone and muscle interact not only through mechanical effects but also biochemical communication \[[@CR27]\]. In our study, phase angle and hand grip strength, which represent muscle mass, muscle function, and nutritional status, showed a significant positive correlation with TBS. One previous cross-sectional study revealed that the TBS values of older people were significantly lower in women with low grip strength and men with low physical performance \[[@CR28]\].

TBS is correlated with BMD not only in the general population but also in CKD patients \[[@CR16]--[@CR20]\]. As in previous studies, our data show there was a significant positive correlation between TBS and lumbar spine BMD. But, unlike TBS, lower BMD was not associated with mortality or incident fracture events in this study. A recent study demonstrated that TBS reflects trabecular microarchitecture measured by bone biopsy in patients with CKD \[[@CR12]\]. Therefore, our results suggest that bone microarchitecture (bone quality) may have a greater impact on the clinical outcome than bone volume (quantity) in ESRD patients. Trabecular bone has a higher surface area, thus, a greater capacity for mineral buffering than cortical bone. Therefore, loss of trabecular bone may be a more sensitive representation of adverse outcomes such as fracture or vascular calcification.

FGF 23 is a hormone secreted by osteocytes and osteoblasts and is, potentially, a key initiating biomarker for CKD-MBD, as it increases early in the course of CKD and can be 1000-fold higher than the normal range in advanced CKD \[[@CR29]\]. The main target of FGF 23 is the kidneys, where it increases phosphorus excretion and inhibits vitamin D. α-klotho is co-receptor for FGF 23, and is downregulated in CKD patients which results in many adverse outcomes, such as abnormal mineralization or cardiovascular disease \[[@CR30]\]. FGF 23 also regulates bone metabolism, demonstrating both over- and under- expression resulting in impaired bone mineralization. Several previous studies found that FGF 23 is not associated with bone mass, as assessed by BMD in hemodialysis patients \[[@CR31], [@CR32]\], whereas α-klotho positively correlated with BMD \[[@CR32]\]. However, a recent study reported that FGF 23 levels negatively correlate with bone microarchitecture, measured by HR-pQCT, in osteoporosis subjects \[[@CR33]\]; therefore, we postulated that FGF 23 and α-klotho are associated with TBS. However, we did not find any association between TBS and FGF 23 or α-klotho in the present study. We performed multivariable regression analysis to determine the factors associated with ln FGF 23, adjusting for age, dialysis vintage, DM, CVE, albumin, calcium, phosphate, intact PTH, ln α-klotho, handgrip strength, and phosphate binder dose; as a result, calcium, phosphate, and intact PTH showed significant positive correlation with FGF 23 (data not shown). These results indicate that there are several confounding factors between FGF 23 and bone. Previous studies suggest that FGF 23 affects bone both directly \[[@CR34]\] and indirectly through a FGF 23-bone-kidney axis \[[@CR35]\]. Bone mineral metabolism is a complex process mediated by multi-organ interactions; therefore, these various confounders, such as phosphate, calcium, vitamin D, PTH, and α-klotho may obscure the relationship between FGF 23 and bone microarchitecture. A prior study also reported that TBS was not associated with FGF 23 \[[@CR17]\].

Because TBS is a static test, it cannot measure dynamic bone turnover status or distinguish the types of renal osteodystrophy. The discrimination of bone turnover status is important because treatment varies according to changes in bone remodeling. KDIGO guidelines suggest that PTH or bone-specific ALP can be used to evaluate bone turnover \[[@CR1]\]. A recent study reported that TBS is inversely related to PTH and ALP \[[@CR18]\]. In the present study, only PTH showed a significant positive correlation with TBS in univariate analysis. Several studies have revealed that hyperparathyroidism increases cortical bone loss while causing anabolic effects on trabecular bone \[[@CR36], [@CR37]\]. These findings, and confounders such as age or nutritional state, may explain this positive correlation; however, after adjustment for various relevant parameters, the relationship disappeared. On a theoretical basis, continuous hyperparathyroidism accelerates bone resorption, resulting in decreased bone mass and impaired bone microarchitecture. In the case of BMD, the relationship with PTH is either non-significant or significant but inversely correlated \[[@CR1]\]. To date, few studies have evaluated TBS and bone turnover markers (except PTH or ALP) together in CKD populations. Currently, a prospective observation study of TBS and bone remodeling markers as fracture risk factors is being carried out with 206 non-dialysis CKD stage 4--5 and kidney transplanted patients (NCT03356522).

Recent data showed that both PPI and warfarin are associated with increased risk of fracture, cardiovascular disease, and mortality in dialysis patients \[[@CR38]--[@CR40]\]. PPI use is associated with mineral and vitamin deficiency, including magnesium, calcium, or vitamin B12, which contribute to bone health. Particularly, hypomagnesemia is related to vascular calcification and cardiovascular disease, which in turn increases mortality. Vitamin K deficiency caused by warfarin may promotes vascular calcification process and increased fracture risk. So we conducted statistical analysis to determine if these drug use and incident fracture, incident CVE, mortality, or TBS were related (see Additional file [1](#MOESM1){ref-type="media"}). As a result, in our study, PPI and warfarin use were not related to clinical outcomes and TBS. Because small numbers of patients were taking PPI or warfarin, we thought that this factor affected to the results.

Our study has several limitations. First, it was a single-center study with a small sample size and the follow-up period was relatively short. Second, our mean TBS value was 1.44, which was higher than previously reported in ESRD subjects. Generally, TBS ≥ 1.31 is considered homogeneously textured bone and TBS ≤ 1.23 indicates less well-textured bone. In a previous study, the mean TBS value of ESRD population was 1.11--1.34 \[[@CR16]--[@CR20]\]. It is likely that overall TBS was biased toward high values in the present study. However, because it was measured in a single center with the same methods, we do not think that possible bias should affect our between-group analyses. Third, bone turn-over markers related to CKD-MBD, other than PTH and ALP, inflammatory markers or vitamin D, were not available, and we did not perform bone biopsies. Lastly, as all our subjects were Korean, the results may not be applicable to other ethnicities.

BMD may be falsely elevated in CKD due to vascular or tissue calcification and/or degenerative changes of the lumbar spine, which are prevalent in CKD. TBS may hold certain advantages over BMD in assessing mineral-bone disease in this unique population, as it is not impacted by these conditions. In addition, TBS can detect microarchitectural changes which BMD cannot adequately assess. However, to date, TBS has only been used as a complement to other tools, such as FRAX or BMD, to improve fracture prediction in clinical practice and has not been validated for isolated use. Also, TBS cannot measure ongoing bone turnover status, which limits its usefulness for guiding therapeutic decisions. It is possible that studies of serial TBS measurements with bone marker and HR-qQCT or bone biopsy may provide information about its use in therapeutic strategies. And hopefully, after several data accumulations, TBS may able to replace these expensive and/or invasive methods. Our study has shown that TBS may provide valuable information about adverse outcomes related to CKD-MBD in HD patients, and TBS could be a replacement diagnostic tool for more expensive traditional methods. Further studies are needed to thoroughly determine the prognostic and therapeutic utility of TBS for HD patients.

Conclusion {#Sec16}
==========

In HD patients, age and prevalent CVE were independently associated with TBS, and mortality and incident fracture were significantly higher in the lower TBS group. These findings suggest that TBS may be useful for predicting adverse outcomes related to CKD-MBD, and not only fractures but also CVE or morality. Further study is needed to fully elucidate the clinical utility of TBS in HD patients.
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**Additional file 1.** Clinical outcomes and TBS according to medication use (PPI or warfarin).

ALP

:   Alkaline phosphatase

BIA

:   Bioelectrical impedance analysis

BMD

:   Bone mineral density

BMI

:   Body mass index

CAC

:   Coronary artery calcification

CAD

:   Coronary artery disease

CKD

:   Chronic kidney disease

CKD-MBD

:   Chronic kidney disease-mineral and bone disorder

CVE

:   Cardiovascular events

DM

:   Diabetes mellitus

DXA

:   Dural-energy x-ray absorptiometry

ECLIA

:   Electrochemiluminescence immunoassay

ESRD

:   End stage renal disease

FGF-23

:   Fibroblast growth factor 23

HR-pQCT

:   High-resolution peripheral quantitative computed tomography

HTN

:   Hypertension

KDIGO

:   Kidney Disease Improving Global Outcomes

MRI

:   Magnetic resonance imaging

PAOD

:   Peripheral arterial occlusive disease

PG-SGA

:   Patient-generated subjective global assessment

PPI

:   Proton pump inhibitor

PTH

:   Parathyroid hormone

SD

:   Standard deviation

TBS

:   Trabecular bone score

VC

:   Vascular calcification
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